different strategies of pathogens to obtain it are an important part of host-parasite interactions.
23
In the present study, we employ different biochemical and analytical methods to explore the effect of 24 decreased iron availability on the cellular processes of N. fowleri. We show that under iron starvation, 25 nonessential, iron-dependent, mostly cytosolic pathways in N. fowleri are downregulated, while the metal 26 is utilized in the mitochondria to maintain vital respiratory processes. Surprisingly, N. fowleri fails to 27 respond to acute shortages of iron by the induction of a reductive iron uptake system that seems to be the 28 main iron-obtaining strategy of the parasite. Our work aims to demonstrate the importance of 29 mitochondrial iron in the biology of N. fowleri and to explore the plausibility of exploiting it as a potential 30 target for therapeutic interference.
Introduction 45 There are several amoebae that, in certain conditions, are able to parasitize suitable hosts. One particular 46 member of this group, Naegleria fowleri, is widely known as the "brain-eating amoeba". This rather vivid nickname is attributed to the condition known as primary amoebic meningoencephalitis (PAM), which is 48 caused by N. fowleri. It is found in warm fresh waters across most continents and can alter between three 49 distinguishable forms: a durable cyst, trophozoite amoeba and mobile flagellar form [1] . Its presence is 50 dangerous for people partaking in recreational activities involving water bodies [2] . The disease is 51 acquired when N. fowleri trophozoites forcefully enter through the nasal cavity and intrude the olfactory 52 neuroepithelium [3] . The disease has a rapid onset, and the nonspecific symptoms resemble those of 53 bacterial meningoencephalitis -headache, fever, vomiting -with rapid progress, causing seizures, coma, 54 and death [4, 5] . Since PAM occurs commonly in healthy individuals, N. fowleri is not regarded as an 55 opportunistic parasite but as a pathogen [3] . Several other nonpathogenic species of Naegleria exist, and 56 Naegleria gruberi and perhaps Naegleria lovaniensis receive particular interest because these strains are 57 generally accepted as suitable laboratory systems [6] .
58
The fatality rate for PAM is reported to be above 97% [7] . Its treatment is difficult not only because of the 59 interchangeable symptoms and rapid onset but also because there is no specific medication for the disease.
60
For successful treatment, it is crucial to make a correct diagnosis in time, followed by immediate therapy.
61
The currently accepted treatment includes administering several medications simultaneously, such as 62 amphotericin B, fluconazole, rifampin, azithromycin or miltefosine, in combination with methods that 63 decrease brain swelling [4, 8] .
64
Iron is an essential constituent of many biochemical processes, including redox reactions, the 65 detoxification of oxygen, cell respiration or various enzymes. This is mainly due to its ability to alter 66 between different oxidation states, therefore partaking in redox reactions, often in the form of iron-sulfur 67 clusters [9] . Iron is essential for virtually all known forms of life, and its availability is shown to be the 5 68 limiting factor of growth in certain locations [10] . Iron acquisition becomes even more challenging for 69 pathogens that inhabit another living organism, as demonstrated in the case of Plasmodium, where iron-70 deficient human and mouse models manifested unfavorable conditions for parasite development [11, 12] .
71
The importance of iron acquisition mechanisms is known for other parasites as well [13] . Similarly, it is 72 suggested that iron-deficient conditions have an adverse effect on the viral life cycle [14] , and several 73 bacteria are known to produce iron-chelating compounds, siderophores, to take up iron from their 74 surroundings. As a defense mechanism, mammals minimize the presence of free iron in their body using 75 several proteins, such as lactoferrin, ferritin or transferrin, which bind the metal, decreasing its 76 bioavailability [15] . Parasitic organisms are known to have adapted various means of acquiring iron from 77 their environments, ranging from opportunistic xenosiderophore uptake to specific receptors for 78 mammalian iron-containing proteins [13] . This two-sided competition between pathogens and their hosts 79 indicates the importance of iron metabolism in disease and underlines the importance of further research 80 on this topic to search for new methods of therapeutic intervention.
81
This work demonstrates how N. fowleri struggles to successfully adapt to iron-deficient conditions. No 82 increase in iron uptake from its surroundings, either directly or through phagocytosis, was detected, and 83 no alternative metabolic pathway was shown to adjust for the condition. Proteomics and metabolomics 84 approaches showed that the response of N. fowleri to low iron levels is to maintain iron trafficking to 85 mitochondria, while nonvital cytosolic iron-requiring pathways decline. These findings reveal a possible 86 exploitable weakness in the survival strategy of the amoeba within its host. Although the host brain is 87 relatively rich in iron content [16] , not all of the iron is readily available for the parasite, as we show in the Iron uptake is limited by ferric reductase activity. Iron is generally available in the environment in 109 two distinct oxidation states. Due to the different solubilities of the two forms, many organisms use ferric 110 reductase to reduce ferric to ferrous iron, which is more soluble and therefore easier to acquire. To explore 7 111 the mechanism by which N. fowleri acquires iron from its surroundings, the cell cultures were 112 supplemented with different sources of iron: 55 Fe-transferrin, 55 Fe(III)-citrate and 55 Fe(II)-ascorbate. The 113 results presented in Fig 1A show that ferrous iron is taken up and incorporated into intracellular protein 114 complexes more rapidly than its trivalent counterpart, suggesting the involvement of ferric reductase in the 115 effective uptake and utilization of iron. The insignificant uptake of transferrin shown in S1 Fig (A) shows 116 that this protein is not a viable source of iron for N. fowleri, corresponding to the fact that it is not found in 117 the usual habitat of this organism. Surprisingly, there was no observable difference in iron uptake between 118 cells precultivated in iron-rich or iron-deficient media, showing that the organism fails to stimulate its iron 119 uptake machinery. To confirm that N. fowleri employs a reductive iron uptake mechanism, cell cultures were presented with 149 a source of a ferric iron radionuclide in the presence and absence of the ferrous iron chelator BPS. The 150 results shown in S1 Fig (B ) demonstrate that N. fowleri readily incorporates ferric iron into its protein 151 complexes, while BPS chelates initially reduced ferrous iron and prevents it from being further utilized, 152 confirming that ferric iron uptake requires the reduction step.
153
Ferric reductase activity is not affected by iron availability. We have shown that neither ferrous 154 nor ferric iron uptake is induced by iron starvation (Fig 1A) . To further investigate this observation, the 155 activity of ferric reductase was assessed in cells preincubated in iron-rich and iron-deficient conditions.
156
Measuring ferric reductase activity showed that the conversion of ferric to ferrous iron was not 9 159
Hemin partially restores N. fowleri growth in the iron-deficient medium. As shown in Fig 1B, 160 cells cultivated in regular growth medium have a similar propagation pattern in comparison to a culture 161 grown in medium supplemented with 50 µM hemin; therefore, at a given concentration, hemin is not toxic 162 for N. fowleri, nor does it significantly support its growth under standard cultivation conditions. However, 163 while 50 µM BPS arrested the culture growth at 31% (±12%) during the first 24 hours, the addition of 50 164 µM hemin partially restored culture growth to 42% (±10%) in 48 hours and up to 52% (±7%) by 72 hours.
165
The T-test P-values for cultures in BPS and BPS supplemented with hemin are <0.01 for 48 and 72 hours 166 of growth.
167
The proteomic analysis illuminates the iron-starvation response of N. fowleri. Since iron has 168 an irrefutable role as a cofactor for various enzymes and its metabolism is dependent on a great number of 169 proteins, we aimed to examine the overall effect of iron availability on the N. fowleri proteome. Therefore, 170 we compared the whole-cell proteomes of cells grown in iron-rich and iron-deficient conditions, and we 171 have additionally analyzed membrane-enriched fractions of cells to obtain a higher coverage of the 172 membrane proteins. The aim was to reveal the metabolic remodeling accompanying iron starvation and to 173 identify proteins responsible for iron homeostasis, such as membrane transporters, signaling and storage 174 proteins or proteins involved in iron metabolism, for example, the formation of iron-sulfur clusters.
175 S1 Table lists the proteins that were significantly upregulated or downregulated in iron-deficient 176 conditions based on the analysis of the N. fowleri whole-cell proteome, and S2 Proteins were manually annotated using HHPRED or by sequence alignment with homologous proteins 185 from other organisms (denoted with a star). The fold change based on proteomics analysis with the whole 186 cells and membrane (for selected proteins; in brackets) fractions is given for cells cultivated in iron-187 deficient conditions. Significantly regulated proteins (with a fold change above 2.3) are highlighted in 188 green. 
195
In the phenylalanine catabolism pathway, all three iron-dependent enzymes, phenylalanine hydroxylase 196 (NF0106930), p-hydroxyphenylpyruvate dioxygenase (NF0084900) and homogentisate 1,2-dioxygenase 197 (NF0073220), were downregulated in iron-deprived cells, even though the decrease in the expression of 198 the last two enzymes was below our set threshold.
199
The proteins upregulated under iron-deficient conditions included two essential mitochondrial components 200 of iron-sulfur cluster assembly machinery, namely, cysteine desulfurase (NF0001440) and iron-sulfur 201 cluster assembly enzyme IscU (NF0060430); two mitochondrial transporters, phosphate carrier 202 (NF0001420) and iron-transporting mitoferrin (NF0079420); and a potential homologue of 203 deferrochelatase (NF0071710). The increase in the expression of mitoferrin was below our set threshold, 204 but the results from the comparative analysis of the membrane-enriched fraction of N. fowleri grown 205 under different iron conditions (S2 Table and Table 2 ) confirmed the upregulation of this transporter as it 206 did for the mitochondrial phosphate carrier. Additionally, in the membrane-enriched proteomics analysis, 207 a carnitine/acylcarnitine transferase (NF0014630) was identified and found to be slightly, although not 208 significantly, upregulated.
209
Iron metabolism is interconnected with the production and detoxification of reactive oxygen species.
210
Among the antioxidant defense proteins, one family of superoxide dismutases contains iron as a cofactor.
211
Our proteomic analysis showed that while iron-dependent SODs (NF0020800 and NF0044680) were not 212 significantly changed, Cu-Zn-dependent SOD (NF0030360) was upregulated in iron-deficient conditions, 213 suggesting a compensatory mechanism for the mismetallated iron-dependent enzyme. Other radical 214 oxygen species detoxification enzymes, such as catalase (NF0121200), manganese SOD (NF0015750), or 12 216
Transcriptomics does not reflect the proteomic changes of N. fowleri. To uncover a broader 217 spectrum of the affected proteins that we were unable to detect in proteomic analysis, we performed 218 transcriptomic analysis of N. fowleri grown under the same conditions of iron availability (S3 Table) . To 219 our surprise, the obtained data did not correspond to the proteomics results. The only relevant genes 
231
As a control, relative amounts of tryptophan and lysine, the levels of which were not expected to change, 232 were determined in the same samples. Relative amounts of both phenylalanine and tyrosine were 233 significantly increased in iron-deficient conditions, as predicted by the proteomic data. The T-test values 234 for tryptophan and lysine were 0.472 and 0.236, respectively; therefore, these values were not significant.
235
However, the values for phenylalanine and tyrosine were 0.007 and less than 0.001, respectively, 236 confirming the significant difference between the iron-deficient and iron-rich conditions. Data are shown appears that from the selected chelators, the membrane-impermeable chelators are more effective against 280 N. fowleri. It is important to consider that the growth medium used in this work was adjusted to the 281 amoeba requirements, while in its host, the parasite is expected to meet much harsher conditions. Thus, 282 the anticipated in vivo antiparasitic effect of suitable chelators may be more pronounced.
283
To maintain an optimal level of cellular iron in a hostile environment, such as host tissues, pathogens 284 possess selective and effective mechanisms for iron uptake. it is a facultative pathogen with no advantage of such an iron uptake mechanism in its natural 292 environment. We further demonstrated the preference of N. fowleri for ferrous iron compared to ferric 293 iron, the inhibitory effect of ferrous iron chelator on ferric iron uptake and the presence of extracellular 294 ferric reductase activity. Based on these observations, we argue that the main strategy of iron acquisition 295 by this parasite is the reductive two-step iron uptake mechanism, as described for Saccharomyces 296 cerevisiae [13].
297
S. cerevisiae possesses the ability to upregulate the expression of ferric reductase, which is responsible for 298 the first step of the reductive iron uptake mechanism, up to 55 times in iron-deficient conditions [25], 299 therefore increasing the rate of iron uptake. Our work shows that in N. fowleri, the activity of ferric 300 reductase is not induced by iron starvation nor is the ferric and ferrous iron uptake and further 301 incorporation of iron into cellular proteins. Phagocytosis of bacteria as a proposed way to obtain iron is 302 not regulated by iron availability in the parasite; on the contrary, it is decreased. Considering this, it is 303 important to note that the relationship between decreased phagocytosis and decreased hemerythrin 304 expression was previously described [26] .
305
The lack of an inducible iron uptake system has also been described in the parasite Tritrichomonas foetus 306 [27] . However, contrary to N. fowleri, the obligatory parasite T. foetus appears to be able to utilize a wide 307 range of iron sources, including host transferrin or bacterial siderophores. Another potential source of iron 308 for N. fowleri can be heme from heme-containing proteins. The ability to utilize exogenous 309 metal-containing porphyrins may be advantageous for protists feeding on bacteria. Moreover, Naegleria 310 species phagocyte erythrocytes [28, 29] , and their ability to degrade hemoglobin using proteases was also 311 described [24] . However, it appears that heme oxygenase is not present in the genome of N. fowleri; 312 therefore, it is unlikely to be able to employ this enzyme to obtain iron from hemoglobin, as is the case of 313 T. foetus [27] . A potential homologue of bacterial deferrochelatase, a protein able to directly acquire iron 314 from heme [30] , was identified as significantly upregulated in iron-deficient conditions by proteomic analysis; however, further investigation is required to clarify the function of this protein. Nevertheless,   316 hemin was shown to partially restore N. fowleri growth in very strong iron-deficient conditions. N. fowleri 317 requires exogenous porphyrins for growth [31] , and the fact that the addition of hemin partly surpasses the 318 conditions of iron starvation can be attributed to a metabolic rearrangement towards heme-dependent 319 pathways.
320
Proteomic analysis proved to be a valuable resource in determining the cellular changes brought upon N.
321
fowleri by iron starvation and gave a foundation for further discoveries shown in this work. The most 322 fundamental finding of this experiment is that mainly cytosolic iron-containing proteins were 323 downregulated. These are components of probably nonessential pathways, such as the phenylalanine 324 degradation pathway, hydrogenase maturation and hydrogen production; the latter is surprisingly shown to 325 take place in the cytosol of N. gruberi [32] . On the other hand, mitochondrial iron-dependent proteins 326 were generally unchanged, while some components of the iron-sulfur cluster synthesis machinery were 327 upregulated in iron-deficient conditions, emphasizing the essential role of the iron-dependent respiration 328 process. Consistent with this observation, the mitochondrial iron transporter was slightly upregulated in 329 iron-deficient conditions. Moreover, the carnitine/acylcarnitine carrier was identified in the membrane-330 enriched proteomic analysis, and its expression was slightly increased in iron-starved cells. This 331 mitochondrial membrane-bound protein is involved in lipid metabolism, which was recently shown to be 332 vital for N. gruberi [33] . Another mitochondrial transport protein, the phosphate carrier, was strongly 333 upregulated in iron-deficient conditions, probably as an effort to compensate for impaired respiration and 334 decreased ATP production in the mitochondria of iron-deficient cells. 
362
Since our study shows the lack of such regulation for iron, it is possible that the sequestration of toxic free 363 iron, as well as its storage for use in iron-deficient conditions, is ensured by hemerythrin functioning as a 364 cytosolic iron pool. This hypothesis is supported by the fact that hemerythrin is a nonheme, noniron-sulfur 365 metalloenzyme and is among the most strongly regulated proteins by iron availability, and unlike other 366 proteins, its regulation was detected even at the mRNA level. Another oxygen-binding protein with 367 unclear function, protoglobin, was detected only in iron-sufficient conditions. The role of protoglobin in 368 the metabolism of N. fowleri remains to be elucidated.
369
In conclusion, our work shows that N. fowleri possesses only limited capabilities of adaptation to an iron-370 deficient environment and is surprisingly not able to utilize transferrin as an alternative source of the 371 metal; neither can it induce the rate of iron acquisition under iron starvation, reflecting the lifestyle of a 372 facultative parasite with limited ability of survival in a host. The main strategy of acquiring iron from 373 media appears to be reductive iron uptake. Proteomic analysis of the response to iron starvation 374 demonstrated that a large amount of downregulated proteins in the iron-deficient conditions were 375 nonmitochondrial and nonheme enzymes, except for the heme-containing protein protoglobin, whose 376 expression is regulated at the transcriptional level, unlike the expression of most other affected proteins.
377
Therefore, it can be hypothesized that the fundamental effect of iron deprivation is the degradation of 378 mismetallated cytosolic proteins with a simultaneous increase in iron delivery to mitochondria and 379 induction of iron-sulfur cluster synthesis machinery to ensure essential cell processes. The overall changes 380 in cellular processes in the iron-deficient conditions discussed in this paper are illustrated in Fig 2. These 381 findings are in agreement with our previous study focused on iron metabolism in the nonpathogenic model 382 organism N. gruberi [34] , where the mitochondrion was shown to be the center of the iron economy.
383
Together, these results show that iron deficiency is a highly unfavorable condition for N. fowleri, and 384 targeted interference with its uptake could be an effective method of controlling the propagation or 385 viability of this organism in the host. 
412
Iron uptake 413 N. fowleri cells grown for 72 hours in iron-rich and iron-deficient conditions were washed with phosphate 414 buffered saline (PBS) (1000 g for 15 min) and transferred to measuring buffer (50 mM glucose; 20 mM 415 HEPES; pH 7.2). Cells were counted using a Guava easyCyte 8HT flow cytometer, and 2.5×10 5 cells were 416 equally split onto a 24-well plate. To assess iron uptake, cells were supplemented with 2 µM 55 Fe-citrate, 21 417 2 µM 55 Fe-citrate with 1 mM ascorbate, or 6.3 µM 55 Fe-transferrin. Samples were incubated at 37°C for 1 418 hour, and then EDTA was added to a final concentration of 1 mM to chelate extracellular iron. Cells were 419 washed three times by measuring buffer, and the protein concentration was assessed using a BCA kit 420 (Sigma-Aldrich, USA). Samples were diluted to equal concentrations and separated using the Novex 421 Native PAGE Bis-Tris Gel system (4-16%; Invitrogen, USA). The gel was vacuum-dried for 2 hours and 422 autoradiographed using a tritium storage phosphor screen.
423
Ferric reductase activity 424 To assess the activity of N. fowleri ferric reductase in different iron environments, a ferrozine assay was 425 used to compare the formation of ferrous iron, as described previously [41] . Cells were grown in iron-rich 426 and iron-deficient environments for 72 hours. Samples containing no cells and samples without Fe-EDTA 427 were used as controls. The cells were washed twice and resuspended in glucose buffer (50 mM glucose, 428 0.5 mM MgCl 2 , 0.3 mM CaCl 2 , 5.1 µM KH 2 PO 4 , 3 µM Na 2 HPO 4 , pH 7.4). The total amount of proteins 429 was assessed using a BCA kit, and samples were diluted to equal concentrations. All further work was 430 performed with minimum light exposure. Ferrozine was added to a total concentration of 1.3 mM and Fe-
431
EDTA to a concentration of 0.5 mM. Samples were incubated at 37°C for three hours, pelleted (1000 g for 432 10 min) and the supernatant was used to determine the formation of the colored Fe(II)-ferrozine complex, 433 accompanied by a change in absorbance at 562 nm using 1 cm cuvettes and a UV-2600 UV-VIS 434 spectrophotometer (Shimadzu, Japan).
435
Hemin utilization 436 To assess the ability of N. fowleri to utilize hemin, 2×10 4 cells were cultivated in each well of a 24-well 437 plate in fresh growth medium. Cultures were supplemented with 50 µM BPS, 50 µM hemin, or 50 µM 438 hemin and 50 µM BPS. Cells without chelator or hemin were used as a control. The cell concentration was 439 measured every 24 hours for four days using a Guava easyCyte 8HT flow cytometer as described above.
440
Comparative proteomic analysis Lactate production 503 To assess the difference in the intracellular production of lactate, 3×10 6 cells cultivated in iron-rich or 504 iron-deficient conditions were prepared for analysis in the same way as for quantifying the amino acid 505 content. After incubation with acetonitrile and filtration, the cell sample was dried and resuspended in 100 506 µl of anhydrous pyridine (Sigma-Aldrich, USA), and 25 µl of a silylation agent (N-tert-butyldimethylsilyl-507 N-methyl-trifluoroacetamide, Sigma-Aldrich, USA) was added. The sample was incubated at 70°C for 30 508 min. After incubation, 300 µl of hexane (Sigma-Aldrich, USA) and 10 µl of an internal standard (102 509 µg/ml 1-bromononane solution in hexane) were added. Selected compounds were analyzed as tert-butyl 510 silyl derivatives.
511
Samples were analyzed using two-dimensional gas chromatography coupled with mass detection 512 (GCxGC-MS; Pegasus 4D, Leco Corporation, USA) with ChromaTOF 4.5 software. Mass detection was 25 513 equipped with an EI ion source and TOF analyzer with unite resolution. A combination of Rxi-5Sil (30 m 514 x 0.25 mm, Restek, Australia) and BPX-50 (0.96 m x 0.1 mm, SGE, Australia) columns were used. The 515 input temperature was set to 300°C, the injection volume was 1 µl in spitless mode, and constant helium 516 flow of 1 ml/min, modulation time 3 s (hot pulse 1 s) and modulation temperature offset with respect to 517 the secondary oven 15°C were used. The temperature program applied on the primary oven was 50°C 518 (hold 1 min), which was increased by the rate of 10°C/min to a final temperature of 320°C (hold 3 min).
519
The temperature offset applied on the secondary column was +5°C.
520
Cell respiration 521 Five biological replicates of 3×10 6 N. fowleri cells grown for 72 hours in iron-rich and iron-deficient 522 conditions were washed twice and resuspended in 1 ml of glucose buffer, and the protein concentration 523 was assessed using a BCA kit. Total cell respiration was measured as the decrease in oxygen 524 concentration using an Oxygen meter model 782 (Strathkelvin instruments, UK) with Mitocell Mt 200 525 cuvette of total volume of 700 µl at 37°C. Measurements were carried out with 5×10 5 cells for 5 min, after 526 which potassium cyanide was added to a final concentration of 4 mM to block complex IV, and after 5 527 min, salicyl hydroxamic acid was added to a final concentration of 0.2 mM to completely block AOX.
528
Values gained after the addition of potassium cyanide and salicyl hydroxamic acid were subtracted to 529 acquire canonical respiratory chain and AOX activity, respectively.
530

N. fowleri bacterial phagocytosis 531
Approximately 3×10 6 cells cultivated in iron-rich and iron-deficient conditions were washed in cultivation 532 flasks by replacing the growth medium with 10 ml of PBS warmed to 37°C and resuspending in 7 ml of 533 37°C PBS. To assess the ability of the cells to phagocytose, 150 µl of pHrodo™ 534 Green E. coli BioParticles™ Conjugate for Phagocytosis (Thermo Fisher Scientific, USA) was added, and 535 the cells were incubated for 3 hours at 37°C. Following incubation, the cells were washed with PBS, 536 detached on ice for 15 min, and the fluorescence caused by the phagocytosed particles was consecutively 26 537 analyzed using a Guava easyCyte 8HT flow cytometer as described above using a 488 nm laser and a 538 Green-B 525/30 nm detector. A negative control (without the addition of BioParticles) was used to 539 determine an appropriate threshold for N. fowleri cells. BioParticles resuspended in PBS were measured in 540 the same way to determine the background noise and gave a negligible signal. The effect of different iron 541 availability on the efficiency of phagocytosis of N. fowleri was established as the percentage of cells in 542 culture that had increased fluorescence.
543
To visualize the ability of N. fowleri to phagocytize, live amoebae incubated with fluorescent E. coli were 544 imaged with a Leica TCS SP8 WLL SMD-FLIM microscope (Leica, Germany) equipped with an HC PL 545 APO CS2 63x/1.20 water objective with 509 nm excitation and 526 nm-655 nm for HyD SMD and a PMT 546 detector for brightfield imaging. Images were processed using LAS X 3.5.1.18803 (Leica, Germany).
547
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